Chapter 5

Electron interactions for radiation damage
modelling of aqua DNA constituents

In this study we have investigated the interactions of electrons with the DNA
constituents in their aqueous phase in order to obtain the quantities useful
for DNA damage assessment. We have computed various electron collision
cross-sections, inelastic mean free path (IMFP), mass stopping power
(MSP) and absorbed dose (D) for the DNA constituents (Adenine, Cytosine,
Guanine, Thymine and Uracil) in the aqueous medium from ionization
threshold to 5000 eV. We have modified complex optical potential formalism
to include band gap of the systems to calculate inelastic cross sections
which are used to estimate these entities. This is the maiden attempt to
report these important quantities for the aqueous DNA constituents. We have
compared our results with available data in gas or condensed phase and
have observed explicable accord. Also, this is the first attempt to report the
absorbed dose values for these molecules. Since these are the first results of
absorbed dose (D) for these compounds, we have exploved present results

vis-a-vis dose absorption in water.

5.1 Introduction

The genetic code in all living things is created by the double-stranded helical macromolecule
DNA. This sequence's integrity must be preserved for the cell to continue to function
normally and to replicate, and any errors or damage could lead to carcinogenesis and cell

death [1,2]. DNA molecules are assumed to be the biological tissues that are most vulnerable

141



to radiation. lonizing radiation exposure to DNA species causes a variety of DNA damage
[3]. It is very common for ionising radiation to be used in the realm of medicine. It is
extensively used as a therapeutic agent and a probe in the field of radio diagnostics in the
medical industry. It is crucial to simulate both primary and secondary species' paths across a
biological medium because they cause radiation damage when ionising radiation interacts
with cell molecules. This enables foresight and comprehension of the kind, location, and
degree of cell injury. The charged-particle track structures show the path that the primary and
secondary particles take as they travel through the medium [4]. These aleatory (stochastic)
simulations use the cross-section values to model the whole range of interactions between the
primary and secondary species at the level of each atom or molecule. Hence, the validity of

these kinds of simulations depends on precise values of cross-sections.

The study of the energy deposited by electrons in DNA and the damage they cause is a major
focus of radiation dosimetry [5]. Two distinguishing factors, Inelastic Mean Free Path
(IMFP) and Stopping Power (SP), can be used to quantify the average energy deposited in the
inelastic events as a result of ionised particles [6]. They are crucial when employing the
Monte Carlo method to study electron transport through solids and liquids [7,8]. Basic
research in both radiation biology and biomedical applications significantly rely on IMFP and

SP [6].

Many studies have been published thus far on the effects of electrons on DNA constituents in
their gaseous, solid, or condensed phases [4—8]. However, taking into account the DNA's
aqueous phase rather than its gaseous or condensed phase offers a more realistic perspective
because they are always found covered in water molecules via hydrogen bonding. The
specific structure of the DNA is actually determined by the number of H.O molecules that
surround it [9,10].

Thus, for this case, we have determined different inelastic and elastic cross-sections for the
aqueous building blocks of DNA—Adenine, Guanine, Thymine, Cytosine, and Uracil. Also,
for each of these DNA components, we have determined the inelastic mean free path (IMFP),
mass stopping power (MSP), and absorbed dose (D), all of which are important

measurements for the assessment of DNA damage.
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5.2 Various cross-sections

When the main ionising particle enters the biological medium, multiple collision
mechanisms, such as excitations and ionisations, cause it to deposit the majority of its energy.
This high energy transfer results in a significant release of secondary electrons, and these
electrons can interact with a number of biological materials, resulting in radiation damage.
So, in order to mimic the cell damage, it is imperative to trace their courses across a
biological media. This enables foresight and comprehension of the kind, location, and degree
of cell injury. The charged-particle track structures show the path that the primary and
secondary particles take as they travel through the medium [4]. These aleatory (stochastic)
simulations use the cross-section values to model the whole range of interactions between the
primary and secondary species at the level of each atom or molecule. Hence, the validity of
these kinds of simulations depends on accurate cross-sections. Hence, the present work
reports data on the elastic, total, ionisation, and inelastic cross sections for all of the aqueous

DNA constituents under study.
5.2.1 Literature survey and Molecular properties

The literature data for the present investigation are displayed in Table 5.1. Since there are no
data available for DNA molecule calculations in the aqueous phase, we have compared our

findings to those for DNA molecules in the condensed phase.

Table 5.1 Literature survey

Sr. Energy range Theoretical
Quantity References
No. (eV) Method
1 Oinel 20-10000 Tan et.al. [11]
Dielectric
2 10-500 Tan et.al. [12]
Qion response theory
3 1-10000 Vera et.al. [13]

Various target properties which have been used in the computations are listed in table 5.2.

Table 5.2 Molecular characteristics

Target Aqueous phase IE (eV) Energy band gap (E4qp) in eV
Adenine 5.00 [14,15] 5.25 [16]
Cytosine 5.50 [14,15] 5.35 [17]
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Guanine 4.80 [14,15] 4.80 [18]
Thymine 5.40 [14,15] 5.20 [19]
Uracil 5.55 [14] 5.70 [17]

5.2.2 Results and discussion

A. Inelastic processes

Qinet and Qjon for the present investigated DNA constituents are shown in figures 1-5 as a

function of the electron energy, along with the results of Tan et.al. [11], Vera et.al. [13] and
Tan et.al. [12].
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Figure 5.1 Inelastic interaction CSs for Adenine

Blue solid: Present Qiner, dot: Tan et.al. Qe [11]; red solid: Present Qjon, dash:
Vera et.al. Qion [13], dash dot: Tan et.al. Qion [12]

The Qion results for condensed DNA bases have been provided by Tan et.al. [12] and Vera
et.al. [13] using the approaches that underlines the dielectric response theory. Except in the

case of Uracil, the current results of Qion are seen to be in excellent agreement with those of
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Vera et.al. [13]. Consideration of the various phases for the molecules may account for the

minuscule deviation at the highest value of Qion.
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Figure 5.2 Inelastic interaction CSs for Guanine

Blue solid: Present Qine, dot: Tan et.al. Qe [11]; red solid: Present Qion,
dash: Vera et.al. Qion [13]; dash dot: Tan et.al. Qion [12]
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Figure 5.3 Inelastic interaction CSs for Cytosine

Blue solid: Present Qinei; dot: Tan et.al. Qe [11]; red solid: Present Qion,
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dash: Vera et.al. Qion [13]; dash dot.: Tan et.al. Qion [12]

Apart from Thymine, the data from Tan et.al. [12] overestimate both the current data and
those from Vera et.al. [13]. Tan et.al. [11] used Penn's approximation and the dielectric
response theory to provide the Qiner data for the case of DNA in water. They divided an
identical DNA molecule, which included 50% Guanine-Cytosine and 50% Adenine-Thymine
in a water environment, into its five constituent DNA molecules. Yet, their Qine have

extremely low values even when compared to the existing Qion results for molecules in the

condensed phase, which is unexpected.
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Figure 5.4 Inelastic interaction CSs for Thymine

Blue solid: Present Que; dot: Tan et.al. Qe [11]; red solid: Present Qion, dash:
Vera et.al. Qion [13]; dash dot: Tan et.al. Qion [12]
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Figure 5.5 Inelastic interaction CSs for Uracil

Blue solid: Present Qe dot: Tan et.al. Qe [11]; red solid: Present Qion,
dash: Vera et.al. Qion [13]; dash dot: Tan et.al. Qion [12]

B. Elastic processes
We have estimated the elastic CSs (Qw) and then the total CSs (Qr) for the electron energies
from molecular /E to 5000 eV using the predicted polarizability values for all the aqueous

DNA nucleobases. Figures 5.6 to 5.10 show the Q. and Qr graphs for aqueous adenine,

cytosine, guanine, thymine, and uracil against incident electron energies.
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Figure 5.6 Elastic interaction CSs for Adenine

Green solid: Present SCOP Qr; red dash: Present 2p-SEM Qy; orange solid:

Present SCOP Q.i; blue dash: Present 2p-SEM Q.

The proposed 2p-SEM approximation (described in the theory section) has been used to

compute the QOr for all of the studied species over the energy range of 50—10000 eV. The

results from the optical complex potential formalism and the 2p-SEM are observed to be in

good agreement.
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Figure 5.7 Elastic interaction CSs for Guanine
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Figure 5.8 Elastic interaction CSs for Cytosine

Green solid: Present SCOP Qy; red dash: Present 2p-SEM Qy; orange
solid: Present SCOP Q.i; blue dash. Present 2p-SEM Qe
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After computing the Or from 2p-SEM, we utilised those QOr results to obtain the Q.;, by
subtracting the Qiner data produced through optical complex potential approach from the Or
results of 2p-SEM. The Qe results from both the methodologies (2p-SEM and optical
complex potential approach) are observed to be in good accord with each other for all the

present studied molecules.

We used the Qr results derived from the 2p-SEM to calculate the Qei, by deducting the Qinel
data computed by the optical complex potential technique from the Qr results of the 2p-SEM.
For all of the currently under study compounds, it is seen that the Qe values from the two

techniques (2p-SEM and SCOP) are in good agreement with one another.

C. Various correlations: Prediction of molecular characteristics

Here, we have explored various correlations between cross-sections and target properties

which leads to estimate the molecular polarizability and dielectric constant.

Molecular polarisability

According to Harland's proposed qualitative dependency nature of the maximum ionisation

CSs, (Qion (peak)) with its polarisability (a) [20],

Qion (peak) = 4%0 % (5.1)

Harland proposed the A will be equal to /E in case of gas phase of the target system. While, in

the present case of aqueous phase species, the A = IE + Eg,,,, and the ionisation of the

system actually occurs when the incoming energy is greater than the threshold value, A = IE
+ Egap.
Using this equation 5.1, we have predicted the a values for the present studied targets as
given in the Table 5.3,

Table 5.3 Predicted polarisability o (A°)

Reference value of a
Predicted a

Target A (eV) Qion (peak) (A?) A3 for condensed phase
(&) [21]
Adenine 10.25 12.65 11.54 14.33
Guanine 9.60 15.47 16.17 15.26

151



Thymine 10.60 14.17 14.99 13.35
Cytosine 10.85 12.99 12.88 11.47
Uracil 11.25 11.32 10.15 10.41

From the table it can be observed that the present predicted a for the aqueous molecules find

good agreement with those of Nakagawa [21], who calculated the o for condensed molecules.

Dielectric constant (g)

The two expressions for dielectric constant (&) have been derived in the present work using
the dependency of the Qion(peak) on a and & (equation 2.63 and 2.65). The first proposed
expression of dielectric constant as a function of Qion (peak), derived using the dependency of

Qion (peak) with o (equation 5.1) and the Clausius-Mosotti (CM) equation,

£—

2
= = C - (Qion eary) NA (52)

£+2

2
where, C is the constant = 64?” (%O) and N is the number density of the molecule.

Secondly, the Onsager dielectric equation [22,23], which works well for the case of liquids is

given by,
el _ 4m (e—&x0)(2e+£00)
e+2 3 aN + £(€00+2)? (53)

This equation is thought to be more applicable in the present aqueous phase study, and again

the equation of dielectric constant as a function of Qi (peak) is proposed as,

-1 2 —&0)(26+E0
E_c. (Qion (peak)) NA + EEe)(etec) (5.4)

e+2 £(00+2)?
where, &, is the high frequency dielectric constant, which can be obtained from the CM

equation. The computed ¢ values are listed in Table 5.4.

Table 5.4 Computed dielectric constants (&)

Dielectric constant Dielectric constant  Reference value of ¢

ion k . . . .
Target Q (g);a ) (¢) (vide equation (&) (vide equation  for condensed phase
5.3) 5.4) [24]
Adenine 12.65 2.22 1.00 1.59
Guanine 1547 3.23 0.85 1.77
Thymine 14.17 3.39 0.99 1.59
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Cytosine 12.99 2.84 1.03 1.71
Uracil 11.32 2.29 0.98 -

Form the table 5, it can be observed as expected that the ¢ values computed through equation

13, are in good agreement with those of Szarek [24].

5.3 Inelastic Mean Free Path (IMFP)

Inelastic mean free path (IMFP) is the average distance a charged particle travels within a
medium between two subsequent inelastic collisions. Radiation biology track-structure
computations use this IMFP data as their primary input [25-28]. The inelastic mean free path
for electrons with energies below 1000 eV must be precisely understood in order to perform
radiation dosimetry and scanning electron spectroscopies [29]. Also, it is crucial when
utilising the Monte Carlo method to model electron transport through solids and liquids
[7.8]. Both basic research in radiation biology and related biomedical applications primarily
rely on IMFP [6]. Hence, by taking into account their aqueous phase, we provided the IMFP

for the energies, ionisation threshold to 5000 eV, for the current five DNA compounds.

5.3.1 Molecular properties and Literature study

Table 5.5 contains a list of the molecular properties used in the calculations of IMFP for the

electron interactions with DNA constituents, viz., Adenine, Cytosine, Guanine, Thymine and

Uracil.
Table 5.5 Molecular parameters
Target AqllIeEOlzz \[I))hase Ba;;lagpap Target denssity, Mola}rwmass,
(eV) p (gm/em’) (gm/mol)
Adenine 5.00 [14,15] 5.25 [16] 1.35 [30] 135.14 [30]
Cytosine 5.50 [14,15] 5.35 [17] 1.30 [30] 111.11 [30]
Guanine 4.80 [14,15] 4.80 [18] 1.58 [30] 151.14 [30]
Thymine 5.40 [14,15] 5.20 [19] 1.48 [30] 126.12 [30]
Uracil 5.55 [14] 5.70 [17] 1.32 [30] 112.09 [30]
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Table 5.6 shows the literature study on the electron IMFP for all the DNA constituents. All of

the existing results of IMFP for DNA compounds has been computed by considering their

condensed or solid phase. Present study is the first effort to compute IMFP for aqueous phase

DNA molecules.

Table 5.6 Literature study on IMFP of DNA constituents

E
Target nergy Method of investigation References
range (eV)
Dielectri h Penn’
50-2000 1electric .re'sponse t eo.ry aI'ld enn’s Tanuma et.al. [31]
statistical approximation
20-1000000 Generalized oscillator strength (GOS) Akar etal. [32]
model
Adenine Quantitative structure—property
200-2000 C tal. [33
(CsHsNs) relationship (QSPR) scheme umpson et.al. [33]
Dielectri h Penn’
20-10000 ielectric response theory and Penn’s Tan et.al. [6,30,34]
statistical approximation
11-1000000 Geant4-DNA model Zein et.al. [35]
G lized oscillator strength (GOS
20-1000000 eneralized oscillator strength (GOS) Akar et.al. [32]
model
i Dielectri h Penn’
Cytosine 5 10000 ielectric response theory and Penn’s Tan et.al. [34]
(C4HsN50) statistical approximation
11-1000000 Geant4-DNA model Zein et.al. [35]
50-2000 Dielectric .re‘sponse theo‘ry ar‘ld Penn’s Tanuma et.al. [31]
statistical approximation
20-1000000 Generalized oscillator strength (GOS) Akar etal. [32]
model
Quantitative structure—property
200-2 .al. [33
Guanine 00-2000 relationship (QSPR) scheme Cumpson et.al. 33
(CsHsNsO) Dielectric response theory (experimental
Akk
20-10000 OELF fitted by a s.um of Drude type Akkeinm:r? 2[1;12]
functions)
20-10000 ~ Dielectric response theory and Penn’s Tan et.al. [6,30,34]
statistical approximation
11-1000000 Geant4-DNA model Zein et.al. [35]
20-10000 Dielectric .re'sponse theo.ry ar'ld Penn’s Tan et.al, [34]
statistical approximation
Thymine
(CsHsN202)  11-1000000 Geant4-DNA model Zein et.al. [35]
li ill h
20-1000000 Generalized oscillator strength (GOS) Akar et.al. [32]

model
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Uracil 20-10000 Dielectric response theory and Penn’s

Tan et.al. [34
(C4H4N202) statistical approximation an et.al. [34]

5.3.2 Results and Discussion

In figures 5.11 to 5.15, we have shown the IMFP for aqueous Adenine, Cytosine, Guanine,
Thymine and Uracil, respectively. The shape of the IMFP curve is explained by inelastic
cross-sections (Qinet). The average distance that electron travels within the medium between
successive collisions is at its greatest at the ionisation threshold. As the energy goes up, there

are more collisions and the IMFP goes down.
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Figure 5.11 IMFP for aqueous Adenine
Line: Present; Filled triangles: Tanuma et. al. [31]; half-filled circles: Tan et. al.
without exchange [30], filled stars: Tan et. al. with Born-Ochkur [30]; filled
squares: Akar et. al. [32]; dash line: Cumpson et. al. [33], short dot line: Zein et.
al. [35]; dot line: Ion-MFP from Vera et. al. [13]; dash dot dot line: lon-MFP
from Tan et. al. [12]
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Further, at an energy of 80—90 eV, the peak of the Qinel is reached, which shows that the
average distance travelled in this energy region is at its lowest. As energy goes beyond 100
eV, electrons have less time to collide with molecules, resulting in a decrease in Qinel and an

increase in IMFP values from its valley region.

The present IMFP data as shown in figure 5.11 are in good accord with the results obtained
using optical energy loss function (OELF) followed by Penn's statistical approach by Tan
et.al. [30], and Tanuma etal. [31], with those results of Akar er.al. [32] utilising
Generalized Oscillator strength (GOS) model for the electron energy higher than 70 eV and
with those results of Cumpson et.al. [33] using Quantitative Structure-Property relationships
(QSPR). The present curve starts to converge with all of the data as the impact energy rises.
The results of Tanuma et.al. [31] and Tan et.al. [30] differ from the present values for below
50 eV energy, because they employed Penn's algorithm, which is more applicable for energies
beyond 50 eV [37]. Moreover, for energy below 200 eV, IMFP values derived from optical
data are less accurate [31,33]. In their methodology, which deals with the approximation of
free electron gas on the assumption that the energy-momentum relation for a non-relativistic
electron in solid is similar to that of a free electron in vacuum, Tan er.al. [30] used the
Linhard dielectric function in OELF calculation and also included the exchange correction of
Born-Ochkur. Thus, the present IMFP obtained by taking their aqueous phase in to account
are more realistic. The first-Born approximation, which is more accurate at higher energies, is
used to generate the IMFP data from the GOS model computation by Akar et.al. [32]. As a
result, their data is likewise thought to be less credible than the present ones at lower energy
regime. According to Cumpson et.al. [33], the IMFP values were reported using QSPR
relationships, and the optical data of Tanuma et.al. [31] were utilised to fit the IMFP
equation accurately for the energy range of 2002000 eV. For energies below 300 eV, the
present data overstates those of Cumpson et.al. [33], and for higher energies, it begins to
merge. The Geant4-DNA code simulation results [35] are higher in the valley region but

exhibit a similar pattern to the present one.

Figures 5.11 to 5.15 show a comparison between the present IMFP, and the ionisation mean
free path (Ion-MFP) computed by us from the ionisation CSs data of Vera et.al. [13] and Tan
et.al. [12] for condensed DNA constituents. The lon-MFP data for all molecules overstate the
present IMFP curve, which is expected as the current IMFP involves all of the inelastic

interaction events (excitations and ionizations), as can be seen in figures 5.11 to 5.15.
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Figure 5.12 IMFP for aqueous Cytosine
Line: Present; filled squares: Akar et.al. [32]; short dot line: Zein et.al. [35]; dot
line: Ion-MFP from Vera et.al. [13],; dash dot dot line: lon-MFP from Tan et.al.
[12]

Figure 5.12 depicts the IMFP results of the Cytosine molecule. The IMFP results for this
target were only reported by Akar et.al. [32] and Zein et.al. [35]. The divergence of Akar
et.al. [32] data from the present values is noticed here again for energy E < 50 eV due to the
same causes as in the case of Adenine, whereas for the rest of the energy range (E > 50 eV)
the present data overlaps with them. The present values are in good accord with the data of
Zein et.al. [35] derived from the Geant4-DNA code, with the exception of the valley region,

where they underestimate.
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IMFP for aqueous Guanine
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Figure 5.13 IMFP for aqueous Guanine

Line: Present, filled triangles: Tanuma et.al. [31]; asterisk: Tanuma et.al. without
exchange [31];,  half-filled triangles: Akkerman and Akkerman with Ashley
exchange [36], solid circles: Akkerman and Akkerman without exchange [36]; half-
filled circles: Tan et.al. without exchange [30]; filled stars: Tan et.al. with Born-
Ochkur exchange [30],; short blue dot: Tan et.al. with Ashley exchange [34], filled
squares: Akar et.al. [32]; dark yellow dash line: Cumpson et.al. [33]; short red dot:
Zein et.al. [35]; dot line: lon-MFP from Vera et.al. [13]; dash dot dot line: lon-MFP
from Tan et.al. [12]

The IMFP plot for the most studied target, the Guanine molecule, is shown in Figure 5.13.
Because of the reasons described above, the current IMFP curve has similar behaviour to
Tanuma et.al. [31], Tan et.al. [30], Akar et.al. [32], Cumpson et.al. [33] and Zein et.al. [35].
At energies E > 70 eV, there is a good match between the current results and those of Tan
et.al. without exchange correction [30], Tanuma et.al. [31], and Akar et.al. [32]. Beyond 70
eV, the results of Akkerman and Akkerman [36] are observed to be in good agreement with
the current data. They calculated the IMFP and SP values for the Guanine molecule by fitting

the experimental energy loss function (ELF) with a sum of Drude-type functions. At energies
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less than 50 eV, there is a disagreement between their [36] results and the present one. The
argument given by them is that the accuracy of their data is inferior since the approximated
treatment of exchange effect may raise the probable inaccuracies in IMFP and SP calculations
by up to 100% [36]. In this case, too, the current curve understates the Zein et.al. [35] data in

the valley region before merging in the higher energy zone.
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Figure 5.14 IMFP for aqueous Thymine

Line: Present; half-filled circles: Tan et.al. without exchange [30]; filled stars: Tan
et.al. with Born-Ochkur exchange [30]; filled squares: Akar et.al. [32],; short red dot:
Zein et.al. [35]; dot line: lon-MFP from Vera et.al. [13]; dash dot dot line: Ion-MFP
Sfrom Tan et.al. [12]

Figure 5.14 depicts the electron IMFP for Thymine. There is a fair agreement between the
present values of IMFP and the results of Tan et.al. [30] can be seen. They begin to overlap
at energies higher than 150 eV. The data of Akar et.al. [32] is found to be lower than the
present ones in the valley region, but they match well at higher energies. A similar pattern to

that seen in earlier examples by Zein et.al. [35] is observed here as well.
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Figure 5.15 IMFP for aqueous Uracil
Line: Present; half-filled circles: Tan et.al. without exchange [30]; filled
stars: Tan et.al. with Born-Ochkur exchange [30]; dot line: lon-MFP from
Vera et.al. [13]; dash dot dot line: lon-MFP from Tan et.al. [12]

Figure 5.15 shows the case of the Uracil molecule. Tan et.al. [30] were the only authors to
report the IMFP values for this target, without and with Born-Ochkur exchange correction.

The current findings are in good agreement with their data [30].

Figure 5.16 compares the current IMFP results for aqueous DNA constituents to those of

Nidhi Sinha and Bobby Antony [38] and those of Emfietzoglou ez.al. [39] for liquid water.
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Figure 5.16 IMFP of DNA molecules and liquid water
Line: liquid water from Nidhi Sinha and Bobby Antony [38]; asterisk: liquid

water from Emfietzoglou et.al. [39]
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Figure 5.17 IMFP for gaseous Adenine and aqueous Adenine
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Figures 5.17 to 5.21 provide a comparison of the IMFP results of aqueous and gaseous DNA
components. The computations for both phases were completed only using the current
methods. The inclusion of the energy band gap is omitted in gaseous phase calculations since
a valance electron is ejected in the free phase of the molecule when the incident electron

energy is E; > IE.
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Figure 5.18 IMFP for gaseous Cytosine and aqueous Cytosine

Figures 5.17 to 5.21 show that the IMFP values for gaseous phase molecules are lower than
those for aqueous phase molecules. This is because Qinel are more sensitive to ionisation
energy and have a high value at peak energy (around 80-100 eV) in their gas phase compared

to their aqueous phase.

162



IMFP (A°)

IMFP (A°)

100 4

10 4

e -Guanine

- — Gaseous phase
—— Aqueous phase

1000

100

10

Energy (eV)
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Figure 5.20 IMFP for gaseous Thymine and aqueous Thymine
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Figure 5.21 IMFP for gaseous Uracil and aqueous Uracil

5.4 Mass Stopping Power (MSP)

The average energy dissipated by a charged particle is an important statistic for analysing
radiation impact in medical and environmental applications [40] and is known as Stopping
Power (SP) [41]. It is commonly employed in Monte Carlo simulations of electron transport
in biomaterials [6,42], but it can also be used to estimate dose or other relevant parameters
without relying on comprehensive calculations for electron transport [43]. To account for the
density of the target molecule, we provided the mass stopping power (MSP) for all aqueous

DNA nucleobases in this work.

5.4.1 Literature survey and Molecular properties

Stopping power (SP) have been previously calculated by Tan et.al [6,30,34], Tanuma
et.al [31], Akkerman and Akkerman [36], and Jablonski er.al. [44] based on the dielectric
response theory, followed by the evaluation of optical energy loss function (OELF) through
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different methods. Theoretical methods like generalized oscillator strength (GOS) model by
Akar and Guimiis [32,45,46], Quantitative structure—property relationship (QSPR) scheme by
Cumpson et.al. [33], Geant4 DNA simulations [35], SP calculation from Modified Rohrlich
and Carlson formula by Giimiis and Bentabet [47], Rudd model calculation by Francis
et.al. [48], Predictive S-lamda expression by Jablonski et.al. [44], the expressions of Joy and
Luo [49] and that of Fernandez-Varea et.al. [50] are employed for such study. Most of these
theoretical and semi-empirical approaches are not suitable for low energy calculations, but
they are good at higher energy regime [6,30-34,36,44,45]. The present theory employs partial
wave calculations which provide reliable results even at low energy side. With the use of
single quantum mechanical approach, current methodology allows us to estimate overall
probability of all the molecular processes into the inelastic channel and compute macroscopic
entities such as IMFP, MSP and absorbed dose (D) for aqueous phase molecules. It uses the
properties of the material (table 5.5 and 5.7) and electronic charge density to adequately

describe the (n+1) interactions (see theory section).

The mean excitation energies of the DNA constituents, which have been used for the

computations of MSP are listed in table 5.7.

Table 5.7 Mean excitation energies of the target

Target Mean excitation energy, E

(eV) [52]
Adenine 56.23
Cytosine 57.19
Guanine 58.37
Thymine 57.44
Uracil 59.91

5.4.2 Results and Discussion

In this subsection, we present our results on MSP for DNA constituents in aqueous medium,
as seen in figures 5.22 to 5.26, along with accessible comparisons. The energy loss per unit
length caused by successive inelastic collisions between electrons and molecules is referred

to as stopping power. However, for the present examined molecules, we have computed the
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MSP, as it is a more essential quantity because it involves the density of the medium through
which the electron energy loss occurs. The energy loss is reduced for low energy due to the
lower probability of inelastic collisions. The energy loss is greatest at the peak value of Qinel,
resulting in the maximum value of MSP. With higher incident particle energies, the

interaction time reduces, resulting in less energy loss and a receding MSP.
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Figure 5.22 MSP for aqueous Adenine

Line: Present; short red dot: Zein et.al. [35]; olive green dash line: PENELOPE
code [35]; green dash line: Francis etal [48]; gray dash dot: Giimiis and
Bentabet [47]; half-filled circles: Tan et.al. without exchange [30]; filled stars:
Tan et.al. with Born-Ochkur exchange [30]; asterisk: Akar and Giimiis [45]

Figure 5.22 shows the current MSP data for aqueous Adenine as well as the available
comparison. As shown in the figure, there are differences across all available data in the
lower energy domain. For energies greater than 50 eV, the present MSP values show excellent
matching with Tan et.al. data without exchange [30], Akar and Giimiis [45] results and
PENELOPE code simulation [35] data. Tan et.al. [30] also reported the data using Born-
Ochkur exchange correction. Francis et.al. [48] and Tan et.al. [30] reported stopping power

(SP) values (in eV/A), which were then converted into mass stopping power, MSP
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(MeV-cm?/gm) by us using the presently reported density values (table 5.5) for the specific
target. The Born-Ochkur formalism-based DCSs produce a bit lower collision stopping
powers, around a few hundred eV, which causes electron tracks to spread out in all directions
[53]. Tan et.al. [30] data with Born-Ochkur correction hence underestimates the present
MSP results. Francis et.al. [48] calculated differential cross-sections using the Rudd model,
which provide values within £10-20% uncertainty, and then entered those DCS into the
Geant4-DNA class to calculate the SP. Their findings underestimate all existing data,
including current ones, for energies beyond 70 eV. Glimiis and Bentabet [47] provided MSP
values for the energy 10-107 eV by expanding the semi-empirical model [54,55] to produce
MSP data for gaseous bioorganic molecules, whereas the present data deals with the
molecule's aqueous phase. As a result, the difference between their data and the present

values can be understood. The present curve overestimates Zein et.al. [35] data.
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Figure 5.23 MSP for aqueous Cytosine
Line: Present; dash line: Francis et.al. [48]; short dot line: Zein et.al. [35]; olive
green dash line: PENELOPE code [35]; half-filled circles: Tan et.al. without
exchange [30]; filled stars: Tan et.al. with Born-Ochkur [30]; asterisk: Akar and

Giimiis [45]
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Figure 5.23 illustrates the case of mass stopping power of aqueous cytosine. All of the data

for energies less than 600 eV show deviation [30,35,45,48] with respect to each other. For

energies above 70 eV, the present values are in excellent agreement with Tan et.al. data

without exchange correction [30], Akar and Giimiis [45] values and PENELOPE code

simulation [35] results. As previously noted, Tan et.al.

[30] data with Born-Ochkur

exchange produce lower SP values, however Francis et.al. [48] data are uncertained by 10-

20%.
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open hexagons: Jablonski et.al. using optical data [44]; diamonds: measured by
Luo taken from Joy s database [44]; inverted triangles: S-lamda approach [44];
open circles: Ferndndez-Varea formula [44]; half-filled squares: Joy and Luo
formula [44]; blue dot line: Tan et.al. with Ashley exchange [34]; half-filled
circles: Tan et.al. without exchange [30]; filled stars: Tan et.al. with Born-Ochkur
exchange [30]; half-filled triangles: Akkerman and Akkerman with Ashley

exchange [36]; solid circles: Akkerman and Akkerman without exchange [36];
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Figure 5.24 MSP for aqueous Guanine
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asterisk: Akar and Giimiis [45]

The present computed results of electron MSP for aqueous Guanine are plotted in the figure
5.24. Using the mentioned density (Table 5.5), we converted the SP values provided by
Akkerman and Akkerman [36], Jablonski et.al. [44], Tan et.al [30] into mass stopping
power, MSP. Jablonski et.al. [44] provided the SP values for energy beyond 200 eV using
three different formulas, namely the S-lamda approach [44], Joy and Luo formula [49] and
Fernandez-Varea formula [50]. They also provided Luo's measured SP values from Joy's
database [56]and computed SP utilising Tanuma et. al. optical data in a dielectric response
theory-based computation. All of these SP values were estimated roughly by adding the SP of
the solid's atomic constituents with weights obtained by mass fractions. According to
Jablonski et.al. [44], the predicted SP between 10-100 eV energy range is less accurate than
those for higher energies. Therefore, it was expected that their data at lower energy regimes
would deviate from the present MSP values. However, for energies above 20 eV, the current
results overlap with Luo's measured data [44]. Beyond 50 eV, the present results are
observed to be in an excellent agreement with all the reported data of Jablonski et.al. [44],
Akkerman and Akkerman data without exchange [36], Tan et.al. results without exchange
correction [30], Akar and Giimiis [45] data and the results of the PENELOPE code

simulations [35].

Figure 5.25 depicts a plot of present computed electron MSP data for an aqueous Thymine
molecule with available comparisons [30,35,45,48]. Tan et.al. [30] results with Born-Ochkur
correction indicate lower MSP values, as previously observed. However, there is a very
strong agreement between the present results and the data of Tan ez.al. [30] without exchange
correction, PENELOPE code simulation findings [35] and data of Akar and Giimiis [45].
While the current curve's behaviour with the reported data of Zein et.al. [35] reveals a

similar pattern. The mutual divergence is observed at lower energy side, particularly.

169



-

o

o
1

MSP for aqueous Thymine

—— Present
- Francis et.al. (2017)
------- Zein et.al. (2021)
— — PENELOPE Code (from Zein et.al.)
—X¥— Akar and Gumus (2005)
—e&— Tan et.al. without exchange correction (2005)
—x— Tan et.al. with Born-Ochkur exchange (2005)

MSP (MeV-cm?gm)

104

10 ' "'””160 - '””1'oloo
Energy (eV)

Figure 5.25 MSP for aqueous Thymine
Line: Present; green dash.: Francis et. al. [48]; red dot line: Zein et. al. [35];
olive green dash line: PENELOPE code [35]; asterisk: Akar and Giimiis [45];
half-filled circles: Tan et. al. without exchange [30]; filled stars: Tan et. al. with

Born-Ochkur exchange [30]

170



100 -

IS

o
o

IS

o

>

)

=3 MSP for aqueous Uracil

o

) — Present

= —&— Tan et.al. without exchange correction (2005)

10 o / *— Tan et.al. with Born-Ochkur exchange (2005)

—X¥— Akar and Gumus (2005)

T ——T T T — T
10 100 1000

Energy (eV)
Figure 5.26 MSP for aqueous Uracil
Line: Present, half-filled circles: Tan et.al. without exchange [30]; filled stars:

Tan et.al. with Born-Ochkur exchange [30]; asterisk: Akar and Giimiis [45]

The current MSP values for the aqueous uracil molecule are displayed in figure 5.26. Tan
et.al. [30] reported the results with and without Born-Ochkur exchange effect. Akar and
Guimiis [45] used the generalised oscillator strength (GOS) model to report the SP data.

As previously pointed out, the collisional SP data of Akar and Giimiis [45] for all studied
DNA constituent molecules were converted into MSP by taking density of the medium into
account (Table 5.5). It is worth noting here that the total SP includes collisional SP and
bremsstrahlung SP [46]. However, bremsstrahlung SP is only important above 300 keV
energy. Collisional SP data have therefore been used for the comparison for all the molecules

under investigation in the present study, where the energy range is from the threshold energy

to 5000 eV.
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Figure 5.27 Present MSP for DNA molecules and liquid water

Figure 5.27 depicts a comparison of the MSP data of DNA molecules and that of liquid water
(estimated by us from the IMFP data of Nidhi Sinha and Bobby Antony ( [38]). Because water
has a lower density (0.997 gm/cm?) than DNA constituents (Table 5.5), the MSP (= SP/p) of

liquid water is expected to be greater than that of DNA constituents, as shown in figure 5.27.

As a result of all the approximations involved in the present computations, the valley region
of inelastic mean free path, which is located at around 80-100 eV, is experienced an
uncertainty of 10—-15%. In this energy spectrum, the mass stopping power has an equivalent

influence. These uncertainties are smaller at lower energies and steadily decrease above 100

eV.

5.5 Absorbed Dose (D)

"Absorbed dose (D)" is a measurement that shows how much energy, a unit mass of a
material absorbs. It is a general phrase that refers to any type of radiation or material that is

utilised in radiobiology, since it is an excellent tool to forecast the harm that a specific type of
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radiation would do to an organ [57]. The absorbed dose for each of the five components of
DNA is also provided in the present study. This is the first attempt to report absorbed dose

results for the aqueous compounds currently under investigation.

5.5.1 Results and Discussion

In addition to IMFP and MSP, we also calculated the absorbed dosage (D), for all the
compounds under investigation. Figures 5.28 to 5.32 show three-dimensional graphs of the
absorbed dose (D) vs incident energy (£;) and distance (r) for the present studied aqueous

DNA constituents. The displayed energy values are in the log;o(E;) scale.

08
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Dose ( Gy)

04

Figure 5.28 3D plot of absorbed dose for Adenine

The absorption of energy in the target medium starts as soon as the projectile energy of the
incident electrons exceeds the value A =1+ Egg,, and it reaches its maximum value, as
indicated by the peak of Qinel, at roughly 80 — 90 eV. Maximum energy transfers, and thus the
peak of dosage absorption, happen at this energy. Furthermore, the inverse dependency of the

absorbed dose to the distance helps to explain how it decreases over distance.
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Figure 5.33 Dose vs Energy plot for DNA molecules and liquid water at distance
r=100A4

The absorbed dose vs. energy curve for the present DNA molecules at the specified distance,
r =100 A, is depicted in figure 5.33. We computed the absorbed dose of liquid water for
comparison in order to gain a better understanding since we have studied these DNA
constituents in aqueous phase. Figure 5.33 compares the absorbed doses for five DNA

compunds and liquid water across a specific distance, 7 = 100 A.

As can be observed from the figure 5.33, liquid water has the highest dosage value, which
indicates that it absorbs the most energy when compared to the components of DNA. It is
also mentioned by Elahe Alizadeh and Leon Sanche [60] that water molecules absorb roughly
~66% of the radiation energy. The IMFP values of Nidhi Sinha and Bobby Antony [38] are

used in the current computation for the dosage values of the liquid water.
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